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I.  INTRODUCTION 


A.  DEFORMATION  PROCESSING  AND  GRAIN  REFINEMENT 

Throughout  recorded  history  the  ability  of  metals  to  sustain  plastic  deformation 

has  been  put  to  use  in  the  shaping  of  metallic  materials  and  production  of  useful 
implements.  It  has  also  been  understood  that  plastic  deformation  strengthens  metals,  and 
that  incorporating  annealing  treatments  to  soften  the  material  during  shaping  processes 
may  afford  further  control  of  both  the  process  and  the  resulting  material  properties.  For 
most  of  this  history  the  mechanisms  involved  during  deformation  and  annealing  have  not 
been  known  and  understanding  of  these  processes  has  been  entirely  empirical.  The 
application  of  various  microscopy  techniques  and  X-ray  diffraction  methods  [Refs.  1,  2] 
to  the  study  of  microstructure  in  metallic  materials  has  revealed  the  polycrystalline  nature 
of  metallic  materials.  Deformation  at  low  temperature  results  in  distortion  of  the  grain 
structure  as  dislocations  are  generated,  move  and  become  immobilized.  This  constitutes 
strain  hardening  and  results  in  energy  storage  in  the  form  of  dislocation  arrays.  Annealing 
may  result  in  recovery,  i.e.,  softening  associated  with  dislocation  rearrangement,  or  in  the 
formation  and  growth  of  new,  strain  free  grains,  i.e.  recrystallization,  within  the 
microstructure  [Ref.  3].  Thus,  deformation  and  annealing  treatments  may  allow  control  of 
the  grain  structure  and  grain  size  of  metals. 

Grain  size  is  an  important  factor  in  the  mechanical  properties  of  materials. 
Generally,  refinement  of  the  grain  size  results  in  improvements  in  both  strength  and 
toughness  of  metals  [Refs.  4,  5],  In  alloys  of  metals  such  as  iron  and  titanium  the  phase 
transformations  that  occur  during  cooling  provide  a  significant  degree  of  grain  size 
control.  In  many  other  metals,  such  as  aluminum,  nickel  and  copper,  grain  size 
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refinement  in  wrought  alloys  may  only  be  achieved  by  deformation  and  recrystallization, 
although  our  understanding  of  these  mechanisms  during  industrial  processing  is  still 
largely  empirical  [Refs.  6,  7].  As  recently  as  1993  Haasen  [Ref.  8]  has  observed  that 
recrystallization  is  the  last  major  unexplored  frontier  in  physical  metallurgy. 

Grain  sizes  in  the  range  of  ~20  -  50  pm  are  typical  of  engineering  alloys 
commonly  produced  today.  However  recent  research  has  demonstrated  that  grains  can  be 
readily  refined  to  1.0  pm  in  size  and  still  finer  grain  sizes  of  perhaps  100  nm  or  less  can 
also  be  achieved  [Refs.  9,  10],  Such  ultra-fine  grained  materials  may  exhibit  dramatic 
improvements  in  the  previously  mentioned  mechanical  properties  and  many  potential 
applications  exist  for  the  increased  mechanical  properties  afforded  by  these  materials. 
Applications  include  those  requiring  an  increased  strength  to  weight  ratio,  resistance  to 
cyclic  loads  or  those  requiring  increased  fracture  toughness. 


2 


B.  PRODUCTION  OF  ULTRA-FINE  GRAINS  IN  METALS 

Ultra-fine  grain  size  has  been  achieved  during  powder  processing  [Refs.  9,  10]  or 

in  association  with  various  deposition  processes.  However,  the  quantity  of  material 
produced  by  such  methods  is  limited  and  the  costs  are  often  prohibitive.  In  bulk 
materials,  methods  of  grain  size  refinement  of  alloys  have  included  thermal  treatments  in 
conjunction  with  phase  transformations,  when  available,  and  with  deformation 
processing.  Recent  studies  have  shown  that  ultra-fine  grain  sizes  in  the  submicrometer  or 
even  nanometer  range  can  be  achieved  by  plastic  deformation  involving  extremely  large 
plastic  strains  [Refs.  11-14].  A  potential  limitation  in  many  deformation  processing 
operations  is  that  the  necessary  shape  change  associated  with  many  of  the  processes  may 
limit  the  starting  and  ending  sizes  and  shapes  of  the  material. 

A  new  method  of  producing  a  severely  deformed  material  with  no  change  in 
cross-sectional  area  has  recently  been  developed  [Refs.  11-14].  This  process,  which  is 
called  Equal  Channel-Angular  Pressing  (ECAP),  consists  of  pressing  a  billet  of  material 
through  a  die  having  two  channels,  of  equal  cross  section,  that  intersect  at  an  angle.  The 
billet  experiences  simple  shear  without  change  in  cross-sectional  area  upon  passage 
through  the  intersection  of  the  die  channels  and  so  the  process  is  amenable  to  repetition. 
Extensive  investigations  of  microstructural  evolution  during  ECAP  of  pure  aluminum  and 
selected  aluminum  alloys  have  been  reported  by  Langdon  and  coworkers  [Refs.  14-24]. 
Transmission  electron  microscopy  results  have  indicated  that  the  grain  size  of  pure 
aluminum  may  be  refined  to  about  1.2  pm  during  ECAP  at  room  temperature  and  that 
grain  sizes  of  ~  200  nm  may  be  attained  during  room  temperature  ECAP  of  selected 
alloys.  In  this  work,  assessment  of  grain  size  refinement  relied  on  selected  area  electron 
diffraction  (SAED)  methods  in  transmission  electron  microscopy  (TEM)  [Refs.  17,  19]. 
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The  lattice  orientation  differences,  or  disorientations,  of  grain  boundaries  in  a 
polycrystalline  material  must  be  predominantly  high-angle  in  nature  to  meet  the 
requirements  for  a  fine  grain  structure.  Since  deformation  processing  may  also  introduce 
fine  subgrains  of  low  disorientation  it  is  necessary  to  determine  grain-to-grain 
disorientations  as  well  as  the  apparent  grain  size.  The  use  of  SAED  in  TEM  may  not 
provide  an  unambiguous  assessment  of  the  nature  of  grain  boundaries  and  thus  the  state 
of  the  microstructure.  Recently  developed  computer-aided  electron  backscatter 
diffraction  (EBSD)  analysis  methods  using  a  scanning  electron  microscope  (SEM)  are 
now  available  to  obtain  statistically  significant  grain-to-grain  disorientation  data  as  well 
as  grain  size  values  [Ref  25].  Further  background  on  ECAP  will  be  provided  in  the 
following  chapter.  Its  microstructural  effect  on  pure  aluminum  will  then  be  characterized 
via  EBSD  methods  with  particular  attention  to  refinement  of  the  grain  size  and  to 
characterization  of  the  nature  of  the  grain  boundaries  resulting  from  this  method  of 
processing. 
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n.  BACKGROUND 


A.  EQUAL  CHANNEL-ANGULAR  PRESSING 

Initial  development  of  ECAP  as  a  practical  method  of  deformation  processing 

took  place  in  Russia  and  was  conducted  by  Valiev  and  his  coworkers  [Refs.  11,  12]. 
Extremely  large  cumulative  plastic  strains  may  be  induced  in  a  material  due  to  the 
repeatability  of  the  process.  A  simplified  schematic  of  an  ECAP  apparatus  is  presented  in 
Figure  2.1  (a).  In  this  case  the  angle  between  the  die  channels,  <J>,  is  90°;  all  material 
examined  in  this  study  was  pressed  through  such  an  ECAP  die.  The  die  design  also 
includes  a  relief  angle,  \p,  which  is  20°  for  the  die  channel  of  this  work.  The  relief  angle 
along  the  outer  radius  of  the  die  channel  is  required  in  order  to  minimize  the  friction 
effects  and  allow  the  billet  to  pass  through  the  die. 


During  an  ECAP  pass  a  cylindrical  billet  is  pressed  downward  through  the 
vertical  die  channel  as  indicated  in  Figure  2.1(a).  As  the  billet  passes  through  the  channel 
intersection,  a  shearing  of  the  billet  takes  place.  Figure  2. 1  (b)  shows  an  actual  billet  of 
99.99%  pure  aluminum  after  ECAP  processing. 

A  simplified  two-dimensional  schematic  illustration  in  Figure  2.2  shows  an 
element  ABCD,  which  lays  in  the  y  plane,  before  pressing  and  the  same  element, 
A’B’C’D’,  after  passage  through  the  die  channel  intersection.  The  accumulated  Von 
Mises  equivalent  strain  that  accompanies  N  pressing  passes  through  such  an  ECAP  die 
may  be  calculated  as  seen  in  Equation  2.1  [Ref.  20]. 
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For  a  90°  die  angle  and  20°  relief  angle  Sn  =  1.055N,  i.e.  the  Von  Mises  equivalent  strain 
is  1.055  for  each  pressing  pass. 

As  noted  earlier,  there  is  no  reduction  in  cross-sectional  area  during  a  pressing 
pass  and  so  this  is  a  repeatable  process.  The  four  distinct  routes  that  have  been 
commonly  employed  in  repetitive  ECAP  are  depicted  in  Figure  2.3  [Ref.  19].  These  are 
defined  as  follows:  Route  A  involves  no  rotation  of  the  sample  between  successive 
pressing  operations;  in  Route  Ba,  the  sample  is  rotated  90°  between  successive  pressings 
in  an  alternating  sense  (i.e.  clockwise  90°,  then  counter-clockwise  90°,  then  clockwise 
90°,  etc.);  Route  Be  also  involves  rotation  by  90°  after  each  pressing  operation  but  the 
rotational  direction  is  constant  (i.e.,  always  clockwise  or  counter-clockwise);  finally 
Route  C  involves  a  180°  rotation  after  each  pass  through  the  ECAP  die. 
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Figure  2.1.  A  schematic  representation  of  an  Equal  Channel- Angular  Pressing  (ECAP) 
die.  The  angle  between  die  channels  is  <f)=90°;  the  shearing  of  a  cylindrical  billet  during 
pressing  is  shown  and  the  angles  c(>  and  \| /,  which  is  the  relief  angle  at  the  outer  radius  of 
the  channel  intersection,  are  defined;  (b)  shows  a  sample  after  pressing. 
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Figure  2.2.  Schematic  of  the  shearing  process.  As  a  volume  element  ABCD  passes 
through  the  shear  plane,  it  is  sheared  to  the  shape  A’B’C’D’;  for  a  die  angle  <|)=90o,  the 
von  Mises  equivalent  strain  £n=  1.055. 
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Figure  2.3.  Schematic  of  four  different  Equal  Channel-Angular  Pressing  routes  for 
repetitive  pressings.  Route  A  involves  no  rotation  between  passes.  Route  BA  involves 
alternating  90°  rotations,  Route  Be  has  rotations  of  90°  in  the  same  sense  while  Route  C 
has  rotations  of  180°  between  successive  passes.  [From  Ref.  19]. 


B.  EVALUATION  OF  GRAIN  REFINEMENT 


A  grain  in  a  polycrystalline  pure  metal  is  a  region  of  constant  lattice  orientation. 
The  lattice  orientation  changes  at  the  boundary  between  adjacent  grains;  this  change  in 
orientation  typically  occurs  over  two  or  three  atom  distances  at  such  boundaries.  Thus, 
the  orientation  difference,  or  disorientation,  between  adjacent  grains  is  a  characteristic 
feature  in  addition  to  the  grain  size  that  may  be  employed  to  describe  a  grain  structure. 
Figure  2.4  is  a  schematic  representation  of  two  adjacent  grains  and  the  orientation  of  the 
cubic  lattice  within  each  grain.  Boundaries  of  small  disorientation  angle  (0  <  5°)  are  often 
the  result  of  plastic  deformation  and  may  be  thought  of  as  arrays  of  dislocations  so  that 
there  is  a  high  degree  of  lattice  registry  across  the  boundary  plane  [Ref.  26]. 

Boundaries  must  be  effective  barriers  to  the  motion  of  lattice  dislocations  in  order 
to  contribute  to  strengthening,  e.g.  as  envisioned  in  the  Hall-Petch  [Refs.  4,  5]  model  for 
grain  size  strengthening.  Small  angle  boundaries  would  be  relatively  ineffective  due  to 
lattice  registry  across  the  boundary,  and  so  the  characterization  of  grain-to-grain 
disorientations  is  as  important  as  determination  of  grain  size.  This  can  be  accomplished 
using  EBSD  methods. 

In  the  simplest  terms,  the  disorientation  angle  is  the  lowest  degree  of  rotation 
about  an  associated  rotation  axis  that  will  bring  the  lattice  of  one  grain  into  coincidence 
with  the  lattice  of  the  other  grain.  Figure  2.5  is  a  schematic  illustration  of  two  cubic 
lattices  that  are  disoriented  by  rotation  through  an  angle  <J)  about  the  Z-axis.  As  also 
noted,  the  disorientation  angle  could  also  be  taken  as  7r/2  -  <j>,  tc  -  <J>,  or  37t/2  -  (j)  due  to 
crystal  symmetry.  Thus,  in  general  there  are  multiple,  crystallographically  equivalent 
rotations  that  will  bring  the  lattices  into  coincidence.  In  a  cubic  system  there  can  be  up  to 
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24  possible  rotations  and  associated  rotation  axes  that  would  result  in  bringing  two 
lattices  into  coincidence.  By  convention,  the  disorientation  angle  is  taken  to  be  the 
minimum  absolute  rotation  angle  between  two  adjacent  lattices. 

A  reference  axis  system  is  needed  in  order  to  determine  grain-to-grain 
disorientations.  In  studies  of  deformed  materials  the  reference  axes  are  usually  chosen  to 
reflect  the  deformation  process.  Because  rolling  is  perhaps  the  most  important 
deformation  processing  method  the  reference  axis  system  is  taken  by  convention  to  be  xi 
||  to  the  rolling  direction  (RD),  x2  ||  to  the  transverse  direction  (TD),  and  X3  ||  to  the 
sheet  normal  direction  (ND)  [Ref.  25].  Then,  the  orientation  of  the  cubic  lattice  is 
represented  by  a  set  of  three  Euler  angles,  <j>i,  4>  and  <jb,  that  reorient  the  cubic  lattice  from 
the  reference  axis  system  into  the  observed  lattice  orientation  in  the  material.  The  Euler 
angles  are  defined  according  to  Bunge’s  convention  [Refs.  25,  27],  This  convention 
states  that  (j)i  is  the  first  rotation  and  it  is  about  the  x3-axis,  <D  is  the  second  rotation  and  it 
is  about  xj,  and  (fb  is  the  final  rotation,  which  is  also  about  x3  (for  ECAP  processing,  xi  is 
equivalent  to  the  X  direction,  x2  the  Y  direction  and  x3  the  Z  direction).  Using  this 
sequence  of  rotations,  any  cubic  lattice  orientation  can  be  described  with  respect  to  the 
reference  axis  system. 

The  Euler  angles  for  the  cubic  lattice  of  a  given  grain  may  be  used  to  obtain  an 
orientation  matrix,  [A],  as  in  Equation  2.2.  If  a  similar  orientation  matrix  is  obtained  for 
an  adjacent  grain  the  disorientation  matrix,  [M],  may  then  be  computed  using  Equation 
2.3.  In  practice  there  are,  again,  up  to  24  possible  disorientation  matrices  and  so 
determination  of  the  disorientation  angle,  0,  involves  a  minimization  operation  among  the 
crystallographically  equivalent  disorientation  matrices.  The  disorientation  angle,  0,  is 
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then  found  from  Equation  2.4,  where  m\\,  rri22  and  7/133  are  the  diagonal  terms  of  the  [M] 
having  the  lowest  rotation  angle.  The  range  of  0  for  a  cubic  system  is  0°  to  62.8°  due  to 
the  symmetry. 


U,]= 


cos  0,  cos  <j)2  -  sin  <px  sin  <j)2  cos  C> 
-  cos  <j>{  sin  <f)2  —  sin  <f>x  cos  (j>2  cos  <J> 
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-sin^  sin  <p2  - 
—  cos 


;  (j)x  sin  O 


[mMaJ-'M 


0n  =  mini 


arccos 


ml?  +  m\ 2  +  mil  ~  l) 


Equation  2.2 


Equation  2.3 

Equation  2.4 


Figure  2.4.  Schematic  of  two  adjacent  grains  and  the  orientation  of  the  cubic  lattice 
within  each  grain. 


C.  OBJECTIVES  OF  THIS  RESEARCH 

The  main  objective  of  this  research  was  to  characterize  the  microstructural 

evolution  in  pure  aluminum  (99.99%)  during  repetitive  pressing  operations  by  ECAP. 
This  was  accomplished  mainly  by  use  of  computer-aided  EBSD  methods  and  orientation 
imaging  microscopy  (OIM)  techniques  which  allow  direct  measurement  of  grain-specific 
lattice  orientations  and  thus  quantitative  assessment  of  grain-to-grain  disorientations. 
The  OIM  approach  allows  determination  of  grain  size  in  terms  of  regions  of  common 
lattice  orientation  and  thereby  also  allows  determination  of  grain  boundary 
disorientations  in  relation  to  the  extent  of  ECAP  processing.  Altogether,  such 
characterization  may  allow  determination  of  the  degree  of  recrystallization  attained  via 
ECAP.  During  the  course  of  this  work  the  occurrence  of  the  phenomenon  of  deformation 
banding  was  noted,  both  in  aluminum  processed  by  ECAP  and  in  an  aluminum  alloy  that 
had  been  processed  by  rolling.  A  secondary  objective  of  this  work  was  to  document  this 
phenomenon  in  aluminum. 
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III.  EXPERIMENTAL  PROCEDURES 


A.  ECAP  PROCESSING 

The  material  examined  in  this  research  were  provided  by  Langdon  and  coworkers 
and  details  of  the  material  and  processing  have  been  given  previously  [Ref.  17], 
Commercially  pure  (99.99%)  aluminum  ingot  was  processed  to  the  form  of  a  bar  10  mm 
in  diameter  and  which  was  then  annealed  to  provide  an  initial  grain  size  ~  1 .0  mm  prior 
to  ECAP.  The  die  channel  was  of  circular  cross  section  with  a  diameter  of  10  mm,  90° 
angle  between  the  die  channels,  and  with  a  20°  arc  at  the  outer  radius  of  the  channel 
intersection.  The  bars  were  cut  into  billets  60  mm  in  length.  ECAP  was  conducted  at 
room  temperature  (25°C)  by  placing  a  billet  in  the  vertical  die  channel  and  then  pressing 
it  through  the  die  with  a  plunger.  Adiabatic  heating  during  pressing  at  19  mm  s'1  resulted 
in  a  temperature  rise  to  about  40°C  over  an  interval  of  about  1  s  as  the  material  passed 
through  the  intersection  of  the  die  channels;  thereafter  the  billet  cooled  to  room 
temperature  in  about  60  s  after  pressing.  Material  was  examined  after  one  pressing  pass, 
and  after  repetitive  pressing  via  route  Be  for  either  4  or  12  pressing  passes. 
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B.  SAMPLE  PREPARATION  FOR  EBSD  EXAMINATION 

Samples  were  sectioned  from  as-pressed  billets  using  a  Buehler  low-speed  saw 

with  a  diamond-wafering  blade.  With  reference  to  the  axes  defined  in  Figure  3.1,  a  disc 
of  2  mm  thickness  and  with  the  X  direction  as  its  normal  was  sectioned  from  the  as- 
pressed  cylindrical  billet.  These  axes  are  always  defined  in  reference  to  the  final  pressing 
pass  for  materials  from  billets  that  have  been  subjected  to  repetitive  pressing  operations. 
A  second  cylindrical  section  -10  mm  in  length  was  cut  and  then  reoriented  in  order  to 
section  and  provide  a  plane  that  contained  the  center  line  of  the  billet  and  whose  normal 
is  the  Y  direction. 

Mechanical  polishing  of  the  samples  was  accomplished  by  carrying  out  the  steps 
outlined  in  Table  3.1  for  the  indicated  times.  The  silicon  carbide  (SiC)  paper  was  used  on 
a  flat  surface  with  water  as  the  lubricant,  and  grinding  was  conducted  in  one  direction 
until  all  evidence  of  the  prior  grinding  step  was  eliminated.  The  sample  was  then  rotated 
90°  and  the  process  was  repeated.  Rotating  wheels  were  used  for  polishing,  which  was 
carried  out  in  three  stages.  Care  was  exercised  to  employ  dilute  diamond  abrasive 
suspensions  and  a  dilute  colloidal  silica  suspension  to  avoid  surface  contamination  with 
these  abrasives.  After  each  mechanical  polishing  step,  an  ultrasonic  cleaning  was 
performed  for  10  minutes  in  ethanol. 

A  distortion-free  final  polish  was  required  due  to  the  very  small  interaction 
volume  near  the  surface  of  the  sample  associated  with  formation  of  the  diffraction 
patterns  by  the  electrons.  Hence,  the  final  polishing  step  was  an  electropolish  conducted 
in  a  Buehler  Electromet  4  apparatus  using  a  20%  Perchloric  Acid  -  80%  Ethanol 


16 


electrolyte  solution  that  was  cooled  to  -25°C.  Samples  were  examined  in  the  as  polished 
condition. 


Step 

Abrasive 

Time 

RPM 

1 

500  Grit  SiC  Paper 

30  sec. 

n/a 

2 

1000  Grit  SiC  Paper 

30  sec. 

n/a 

3 

2400  Grit  Sic  Paper 

30  sec. 

n/a 

4 

4000  Grit  SiC  Paper 

30  sec. 

n/a 

5 

3  pm  Metadi  Diamond  Suspension 

10  min. 

180 

6 

1  pm  Metadi  Diamond  Suspension 

10  min. 

180 

7 

0.05  pm  Colloidal  Silica 

10  min. 

120 

Table  3.1.  Mechanical  Polishing 


The  relationship  of  the  sample  surfaces  that  are  to  be  examined  to  the  as-pressed 
billet  is  depicted  in  Figure  3.2.  It  is  important  to  note  that  care  must  be  taken  to  identify 
the  positive  senses  of  the  X,  Y  and  Z  axes  due  to  the  low  symmetry  associated  with 
ECAP  which  is  a  process  involving  pure  shear.  For  example,  the  X  -  Z  plane  is  not  a 
mirror  plane  and  if  the  sense  of  the  Y  direction  is  not  correctly  determined  the  resulting 
data  may  suggest  a  shear  direction  rotated  90  °  from  its  expected  orientation. 
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Figure  3.1.  The  reference  axis  system  associated  with  the  Equal  Channel- Angular 
Pressing  apparatus.  The  positive  X  direction  has  been  taken  as  being  directed  toward  the 
ECAP  apparatus. 


Figure  3.2.  Schematic  showing  the  sectioning  of  samples  for  EBSD  analysis.  In  (a),  the 
approximate  shape  of  the  samples  after  sectioning  is  illustrated  for  (b),  the  Y  plane  and 
(c),  the  X  Plane.  The  shaded  regions  indicate  the  actual  surface  examined. 
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C.  ELECTRON  BACKSCATTER  PATTERN  COLLECTION  AND 
ANALYSIS 

A  TOPCON  SM-510  Scanning  Electron  Microscope  (SEM)  with  a  tungsten 
filament  was  used  for  data  collection  and  analysis.  The  microscope  was  operated  at  an 
accelerating  voltage  of  20kV.  After  polishing,  the  samples  were  put  into  the  SEM  in  a 
holder  that  inclines  the  sample  surface  at  70°  to  the  vertical.  This  was  done  in  order  to 
utilize  the  EBSP  analysis  capability  of  the  Orientation  Imaging  Microscopy  (OIM) 
hardware  and  software  provided  by  TexSEM,  Inc.  The  orientation  of  the  sample  in  the 
SEM  chamber  is  illustrated  schematically  in  Figure  3.3(a)  while  Figures  3.3(b)  and  (c) 
represent  the  orientation  of  the  sample  as  viewed  from  the  camera  position. 

The  fixed  reference  axes  assigned  in  software  and  from  which  the  Euler  angles 
were  calculated  are  defined  as  follows:  the  RD  direction  is  assigned  as  positive 
downward;  ND  is  positive  toward  the  phosphor  screen;  and  TD  is  parallel  to  the 
horizontal. 

The  SEM  was  operated  in  spot  mode  with  an  electron  beam  diameter  of  about 
0.15  pm.  The  electrons  interact  within  the  first  30  -  50  nm  of  the  sample  surface, 
undergoing  Bragg  diffraction  and  thereby  providing  orientation  information  from  a 
region  as  small  as  0.15  pm  in  diameter.  The  diffracted  electrons  impinge  upon  a  phosphor 
screen,  thus  illuminating  it.  A  low-light  level  camera  captured  the  image  of  the 
diffraction  pattern  on  the  phosphor  screen  and  the  OIM  software  analyzed  the  pattern  to 
determine  the  corresponding  lattice  orientation.  Figure  3.4  shows  a  representative 
Kikuchi  pattern  before  and  after  indexing,  the  associated  pole  figure  and  corresponding 
lattice  orientation. 
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In  practice,  each  pattern  is  analyzed  several  times,  and  resulting  solutions,  in  the 
form  of  the  Euler  angles  (j>i,  and  <j)2  are  then  ranked  in  the  software.  The  pattern  is  then 
assigned  a  best-fit  solution  and  an  indication  of  the  goodness  of  the  solution  which  is 
called  the  Confidence  Index  (Cl).  Cl  values  greater  than  0.1  correspond  to  a  95% 
probability  correct  indexing.  The  pattern  index  was  then  saved  in  the  following  format: 
the  Euler  angles  <|>i,  O,  and  <j>2,  the  coordinate  location  on  the  sample  surface  for  the 
pattern,  and  the  assigned  Cl  value.  OIM  is  accomplished  by  progressively  displacing  the 
electron  beam  over  a  preselected  area  on  the  sample  surface  in  a  raster  pattern.  The  local 
lattice  orientation  at  each  successive  beam  position  in  the  raster  pattern  is  obtained  as 
described  above.  The  resulting  data  file  may  then  be  employed  to  construct  an  image 
based  on  these  orientation  measurements.  Typical  scans  were  conducted  over  areas  of  20 
pm  x  20  pm  using  a  step  size  between  successive  measurements  of  0.2pm.  Runs  over 
areas  100  pm  x  100  pm  in  size,  using  1.0  pm  step  sizes,  were  also  employed.  Current 
OIM  systems  can  obtain  and  index  patterns  at  the  rate  of  about  three  every  second,  or 
about  10,000  per  hour. 

One  problem  area  encountered  had  to  do  with  obtaining  diffraction  patterns 
occurred  when  the  crystal  lattice  had  curvature  present  due  to  a  sufficiently  high 
dislocation  density.  This  would  be  indicated  by  the  absence  of  patterns  on  the  television 
monitor,  e.g.  as  seen  in  Figure  3.5(a).  A  second  common  problem  encountered  was  the 
electron  beam  being  incident  on  a  grain  boundary  so  that  both  crystal  lattice  orientations 
provided  diffracted  electrons  thus  overlapping  patterns  were  produced  on  the  viewing 
screen;  an  example  may  be  seen  in  Figure  3.5(b). 
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Data  clean  up  procedures  to  alleviate  such  problems  are  included  in  software  and 
were  performed  in  two  successive  steps.  First,  in  effect  the  highest  Cl  for  a  grain  would 
be  assigned  to  all  points  in  that  grain.  Second,  a  data  point  (orientation)  with  a  Cl  less 
than  0. 1  would  be  compared  to  its  nearest  neighbors  and  the  orientation  of  the  neighbor 
with  the  highest  Cl  would  be  assigned  to  the  point,  thus  effectively  incorporating  it 
within  a  grain.  This  clean  up  step  assumed. that  the  low  Cl  points  are  occurring  near  grain 
boundaries,  or  areas  of  high  dislocation  density  and  that  the  point  with  the  higher  Cl  is 
the  true  orientation. 

It  should  be  noted  that  any  single  orientation  with  a  Cl  value  greater  than  0.1  will 
not  be  altered.  Grains  with  good  quality  EBSP’s,  no  matter  what  size,  will  be  kept.  The 
elimination  of  low  Cl  points  is  done  in  order  to  obtain  a  higher  fidelity  picture  of  the 
grain  boundary  regions  and  thus  a  more  accurate  determination  of  the  disorientation  angle 
between  grains.  Accepted  accuracy  of  individual  grain  orientations  in  OIM  is  1°  or  better; 
on  this  basis,  the  resolution  of  grain-to-grain  disorientations  here  is  taken  to  be  2°. 

After  the  clean  up  procedure  was  completed,  the  OIM  software  allowed  the 
production  of  OIM  grain  maps,  pole  figures  representing  the  texture,  rotation  angle 
histograms,  and  various  other  representations  of  the  data.  Grain  maps  are  typically  color 
coded  maps  where  a  common  color  is  assigned  to  contiguous  points  of  common 
orientation,  i.e.  grains.  Raw  histogram  data  obtained  by  OIM  are  shown  in  Figure  3.6. 
Also  shown  in  Figure  3.6  is  a  representative  example  of  a  MATLAB  generated  seventh 
order  polynomial  curve  fit  to  rotation  angle  data  obtained  from  a  series  of  scans  from 
homogeneous  material. 
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Figure  3.3.  Simplified  schematic  [From  Ref.  28]  of  the  Orientation  Imaging  Microscopy 
set-up  (a),  and  the  sample  placement  (b),  (c)  in  the  microscope:  either  the  Y  or  X  Plane  is 
shown  when  viewed  from  the  camera  position.  Simplified,  two-dimensional  (c)  view  of 
the  Y  and  X  Planes,  indicating  the  approximate  positions  where  data  were  collected, 
namely  the  sample  center,  the  half  or  full  radius  in  the  Z  direction. 
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(b) 


(d) 


Figure  3.4.  Sample  Kikuchi  pattern  and  indexing.  In  (a),  an  actual  Kikuchi  pattern 
obtained  on  the  video  screen  is  shown;  (b),  an  indexed  pattern  showing  several  low-index 
poles  [01 1],  [1 12],  [125],  etc.;  and  Euler  angles  phil,  PHI  and  phi2  for  this  orientation.  A 
pole  figure  is  shown  in  (c),  representing  the  orientation  of  the  indexed  pattern  for  the 
<1O0>  poles.  Cubic  crystal  (d)  orientation  represented  by  this  pattern. 
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Figure  3.5.  Examples  of  two  common  problems  encountered  when  using  Electron  Back 
Scatter  Pattern  imaging,  namely  (a)  no  patterns  visible  or  (b)  multiple,  overlapping 
patterns  apparent. 
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Figure  3.6.  Representative  example  of  the  raw  Rotation  Angle  data  obtained  from  OIM. 
In  (a),  a  rotation  angle  histogram  from  20pm  X  20pm  scanned  region  is  shown  with  a 
minimum  rotation  angle  set  to  2°;  (b)  Seventh  Order  Polynomial  Least  Square  fit 
obtained  from  six  scans  for  a  homogeneous  condition  of  the  material. 


25 


D.  BACKSCATTER  ELCECTRON  IMAGING 

A  Cambridge  SEM  equipped  with  a  LaB6  filament  was  used  in  order  to  capture 

the  backscatter  electron  (BSE)  images.  Secondary  electron  images  were  not  captured  due 
to  the  lack  of  etching  on  the  sample  surface  (i.e.,  no  surface  features  were  visible). 
Samples  were  place  in  a  flat  position  in  the  microscope.  The  accelerating  voltage  was  set 
to  20  kV  and  the  working  distance  was  reduced  to  less  than  10  mm  in  order  to  obtain 
acceptable  orientation  contrast  in  the  BSE  images  of  this  pure  ECAP  aluminum.  The 
BSE  images  were  then  captured  using  SEMICAPS  software.  This  imaging  technique  was 
used  to  provide  an  independent  assessment  of  the  microstructure.  An  important 
limitation  of  BSE  imaging  is  that  grain-to-grain  disorientations  cannot  be  determined  by 
this  method. 
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E.  ERROR  ANALYSIS 


The  distribution  of  the  grain-to-grain  disorientations,  as  represented  by  histograms 
of  relative  number  of  boundaries  as  a  function  of  disorientation  angle,  will  be  employed 
here  as  a  measure  of  the  influence  of  processing  on  the  grain  boundaries  in  this  material. 
It  is  therefore  important  to  know  the  errors  associated  with  such  measurements.  There  are 
two  main  sources  of  error  in  the  data  here:  a  standard  error  (SE)  due  to  sample  size  (SEn) 
and  resolution  accuracy  (SEe)  of  the  OIM  software.  The  sample  size  refers  to  the  number 
of  disorientations  obtained  in  a  given  OIM  run.  The  SEn  was  calculated  using  Equation 
3.1  where  Xi  is  the  fraction  of  the  sample  size,  N,  contained  in  the  i1*1  bin  of  the  rotation 
angle  histogram.  The  SEe  was  calculated  using  Equation  3.2.  The  total  standard  error 
(SEtot)  was  then  determined  using  Equation  3.3. 


Equation  3.1 


Equation  3.2 


SEtot  =  t](SEn  f  +  {SEe  f  Equation  3.3 

The  total  standard  error  is  plotted  as  a  function  of  sample  size  in  Figure  3.7(a)  for 
a  histogram  bar  height  equal  to  0.1,  which  is  10%  of  the  boundaries  in  a  given 
disorientation  range  corresponding  to  that  histogram  bin.  As  shown  in  this  figure,  the 
total  error  asymptotically  approaches  the  limit  of  resolution  for  the  analysis  system  as  the 
sample  size  increases.  Also  shown  in  Figure  3.7  are  examples  of  histograms  with  error 
bars  for  (b),  a  constant  resolution  limit  with  varying  sample  size;  and  (c),  a  constant 
sample  size  with  varying  resolution  limit. 
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An  advantage  of  OIM  is  the  potentially  large  sample  size,  i.e.  a  large  number  of 
grain-to-grain  disorientations,  that  may  be  obtained  from  a  given  sample.  In  contrast, 
TEM  methods,  which  have  potentially  better  resolution  of  grain-to-grain  disorientations, 
generally  include  relatively  small  numbers  of  boundaries.  Convergent  beam  electron 
diffraction  (CBED)  methods  in  TEM  may  provide  resolution  of  0.1°  in  disorientation 
measurements.  The  analysis  conducted  in  this  OIM  research  assumed  a  limit  of  resolution 
of  2°  based  on  the  accuracy  stated  in  the  technical  documentation  for  this  OIM  system 
and  a  0Max  equal  to  62.8°.  With  this  resolution,  the  asymptotic  limit  of  0.0318  is 
essentially  achieved  after  N  =  1000  measurements  are  taken.  The  smallest  sample  size  for 
rotation  angle  data  included  well  over  2000  grain-to-grain  disorientation  measurements 
and  this  resulted  in  an  error  bar  of  +/-  0.032  being  used  for  all  histogram  bar  heights  and 
subsequent  polynomial  fit  curves  for  the  rotation  angle  data.  A  representative  example  of 
a  polynomial  curve  with  error  bars  included  is  shown  in  Figure  3.8. 


28 


Bin  Number  Bin  Number 

(b)  (c) 

Figure  3.7.  Examples  of  the  error  analysis  for  varying  sample  size  and  resolution  limit. 
In  (a),  a  plot  of  the  Total  Standard  Error  is  shown  for  a  histogram  bar  height  (Fraction)  of 
0.10,  for  various  resolutions  of  the  disorientation  as  a  function  of  the  Sample  Size;  (b) 
shows  Error  Bars  for  various  sample  sizes  using  a  uniform,  1°  resolution;  (c)  example 
showing  the  Error  Bars  for  various  resolution  limits  with  a  constant  sample  size  equal  to 
1000. 
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Fraction 


Figure  3.8.  Representative  example  of  polynomial  fit  data  with  associated  error  bars. 
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IV.  RESULTS  AND  DISCUSSION 


A.  PURE  ALUMINUM  AFTER  ONE  ECAP  PASS 

The  microstructure  of  this  material  after  one  ECAP  pass  is  inhomogeneous.  This 

may  be  seen  from  any  of  several  viewpoints  in  the  data.  First,  the  OIM  grain  maps  shown 
in  Figures  4.1  and  4.2  indicate  a  large  variation  in  the  grain  structure  from  region  to 
region  and  there  does  not  appear  to  be  any  particular  dependence  on  position  within  the 
sample.  Corresponding  BSE  micrographs,  Figure  4.3,  from  the  one  pass  material  also 
indicate  the  inhomogeneity  of  the  sample  as  well  as  the  same  general  tendency  of  the 
grains  to  elongate  in  the  shear  direction  that  can  be  noted  in  the  OIM  results.  A 
comparison  between  the  OIM  grain  maps  and  the  BSE  micrographs  indicate  regions  that 
contain  a  single  orientation,  i.e.,  that  consist  of  one  grain,  are  often  greater  than  20  pm  in 
extent.  However,  other  areas  can  be  identified  in  which  a  considerably  smaller  grain  size 
may  be  discerned. 

The  rotation  angle  histograms  shown  in  Figure  4.4  also  exhibit  significant 
differences  among  the  regions  examined  and  thus  also  suggest  inhomogeneity  of  the 
microstructure  as  well.  The  variations  among  the  histograms  are  consistently  larger  than 
the  predicted  standard  error  for  any  one  run,  based  on  the  sample  size  and  accuracy  of 
orientation  and  disorientation  determination. 

The  texture  data,  represented  by  the  pole  figures  in  Figure  4.5  and  Figure  4.6,  also 
indicate  an  inhomogeneous  structure.  Figure  4.5(a)  shows  texture  data  from  a  20pm  x 
20pm  region  in  which  there  is  a  single  predominant  orientation  (e.g.,  there  are  only  three 
prominent  orientations  in  the  200  pole  figure).  Larger  100  pm  x  100  pm  regions  (Figure 
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4.5(b)  and  Figure  4.6)  may  contain  one  dominant  orientation,  or  multiple  orientations. 
Additionally,  the  predominant  orientation  differs  from  one  region  to  another.  It  can  be 
seen  in  some  cases  that  a  [110]  aligns  with  the  shear  direction  (Figure  4.6(b))  and  in 
others  that  [111]  will  align  with  the  shear  direction  (Figure  4.6(a));  the  shear  direction  is 
indicated  by  the  dashed  lines.  It  should  also  be  noted  that,  in  other  areas,  no  low  index 
pole  is  aligned  with  the  shear  direction. 

In  comparing  the  X  plane  data  to  the  Y  plane  data,  anisotropy  of  the 
microstructure  is  also  apparent.  The  OIM  grain  maps  and  BSE  micrographs  indicate  grain 
elongation  in  the  direction  of  shear.  The  grain  maps  and  micrographs  from  the  X  plane 
indicate  elongation  in  the  Y  direction,  which  is  parallel  to  the  trace  of  the  shear  plane  on 
the  X  face. 

The  histograms  of  grain-to-grain  disorientation  angles  also  indicate  an  anisotropic 
microstructure.  Of  particular  note  is  the  presence  of  peaks  at  30°  -  40°  in  the  data 
obtained  at  the  center  and  half-radius  (along  Y)  positions  on  the  X  face.  The  data  from 
the  Y  face  suggest  peaks  in  this  same  disorientation  range  but  they  tend  to  be  smaller  that 
those  on  the  X  plane. 

Overall,  these  data  indicate  the  presence  of  a  large  fraction  of  low-angle 
boundaries  in  the  microstructure  after  one  pressing  pass.  Thus,  this  is  a  deformation- 
induced  structure  for  the  most  part,  although  some  high  angle  boundaries  are  also 
evident.  In  addition  to  a  peak  in  the  distribution  at  disorientations  of  30°-  40°  the  data 
suggest  a  second  peak  in  some  cases  at  60°. 
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Figure  4.1.  Grain  Maps  for  pure  aluminum  processed  by  ECAP.  The  material  has  been 
subjected  to  one  pressing  pass.  The  relative  locations  on  the  Y  plane  of  these  20tim  x 
20jJ.ni  maps  are  indicated  by  the  inset  schematic.  These  grain  maps  illustrate  the 
inhomogeneity  of  the  microstructure  in  this  condition. 
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Figure  4.2.  Grain  Maps  for  pure  aluminum  processed  by  ECAP.  The  material  has  been 
subjected  to  one  pressing  pass.  The  relative  locations  on  the  X  plane  of  these  20pm  x 
20pm  maps  are  indicated  by  the  inset  schematic.  These  grain  maps  illustrate  the 
inhomogeneity  of  the  microstructure  in  this  condition. 
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Figure  4.3.  Back  Scatter  Emission  (BSE)  micrographs  of  aluminum  after  one  ECAP 
pass.  These  micrographs  illustrate  the  inhomogeneity  of  grain  size  after  one  ECAP  pass 
in  aluminum.  Locations  on  the  Y  and  X  planes  are  indicated.  These  BSE  images  show 
orientation  contrast  with  no  etchant. 
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Figure  4.4.  Relative  fraction  of  boundaries  as  a  function  of  rotation  (disorientation)  angle 
for  pure  aluminum  after  one  ECAP  pas.  These  data  illustrate  that  most  boundaries  are 
low  angle  in  nature  and  that  the  distribution  is  anisotropic.  In  (a),  there  is  a  distinct 
intermediate  peak  at  30° -40°  for  the  X  plane  data  at  the  center  and  half-radius  locations. 
In  (b),  this  intermediate  peak  is  less  distinct.  In  both  cases,  there  is  a  peak  at  55°-60°. 


Figure  4.5.  Representative  pole  figures  from  the  center  Y  plane  for  ECAP  aluminum 
after  one  pressing.  In  (a),  a  single  dominant  orientation  within  a  small  region  is  shown 
and  (b)  multiple  orientations  within  a  larger  region.  These  figures  illustrate  the  need  for 
large  and  small  area  examinations  in  order  to  accurately  represent  the  inhomogeneous 
nature  of  the  microstructure  in  this  sample. 
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Figure  4.6.  Pole  figures  from  areas  near  the  center  of  the  Y  plane  in  aluminum  after  one 
ECAP  pressing  operation.  These  figures  illustrate  the  inhomogeneity  after  one  pressing 
in  that  regions  of  similar  size  may  contain  either  (a)  multiple  orientations,  or  a  single 
dominant  orientation  as  seen  in  (b)  and  (c).  Additionally,  in  (a)  and  (c)  a  [1 1 1]  is  aligned 
with  the  shear  direction  {indicated  by  dashed  lines},  and  a  [110]  aligned  with  the  shear 
direction  is  shown  in  (b). 
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B.  PURE  ALUMINUM  AFTER  FOUR  ECAP  PASSES 

After  four  ECAP  passes  the  microstructure  of  this  material  is  considerable  more 

homogeneous  than  after  the  first  pass  alone.  The  OIM  grain  maps  shown  in  Figure  4.7  are 
for  material  processed  by  route  Be,  and  indicate  that  both  the  grain  size  and  the  grain 
structure  has  been  homogenized  in  both  the  X  and  Y  planes,  and  to  a  similar  degree  in 
either  plane.  Alignment  of  the  grains  with  the  shear  direction  is  evident  in  Figure  4.7(a), 
i.e.,  there  is  a  persistent  tendency  of  the  grains  to  elongate  in  the  shear  direction  of  the 
last  pressing  operation.  This  grain  elongation  in  the  shear  direction  is  evident  at  all 
locations  examined  from  the  center  of  the  sample  outward  to  the  free  surface  along  the  Z 
axis.  The  apparent  grain  size  and  shape,  however,  are  essentially  independent  of  location 
on  the  Y  plane.  The  grains  on  the  X  plane  are  also  elongated  in  a  direction  parallel  to  the 
trace  of  the  shear  plane,  i.e.,  in  the  Y  direction,  and  this  is  evident  in  Figure  4.7(b). 
Comparison  among  the  three  microstructures  in  Figure  4.7(b)  suggests  some  differences 
associated  with  location  along  the  Y  axis  on  the  X  plane.  However,  comparison  of  the 
data  of  Figure  4.7(b)  with  the  microstructural  data  in  Figure  4.2  suggests  that  these 
differences  are  much  less  after  four  passes  than  after  the  initial  pressing  pass.  Finally, 
comparison  of  the  microstructures  in  Figure  4.7(a)  to  those  in  Figure  4.7(b)  indicate  that 
the  microstructure  of  this  material  is  still  anisotropic  in  nature  after  four  pressing  passes 
by  route  Be- 

The  BSE  micrographs  shown  in  Figure  4.8  provide  additional  evidence  of  the 
trends  shown  in  the  OIM.  Grain  elongation  along  the  shear  direction  is  evident  and  the 
grain  size  apparent  in  the  micrographs  of  Figure  4.8  is  comparable  to  that  evident  in  the 
OIM  grain  maps  in  Figure  4.7(a). 
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The  influence  of  processing  route  is  summarized  in  the  OIM  analysis  presented  in 
Figures  4.9  and  4.10.  Material  processed  through  four  passes  by  route  A  exhibits  a 
homogeneous  microstructure  in  that  the  grain  size  and  shape  do  not  depend  significantly 
upon  position  in  the  Y  plane  as  shown  in  Figure  4.9.  However,  the  grains  become  more 
nearly  aligned  with  the  X  axis  than  with  the  shear  direction  for  positions  located  at  the 
half-radius  and  full-radius  along  the  Z  direction  on  this  plane.  Repetitive  pressing  by 
route  A,  for  which  there  is  no  rotation  of  the  billet  between  successive  pressing  passes, 
would  result  only  in  progressive  rotation  of  the  shear  plane  of  the  first  pass  about  the  Y 
axis.  This  rotation  would  continue  until  the  shear  plane  for  the  first  pass  became  parallel 
to  the  X  axis.  This  is  evident  in  Figure  4.9  for  the  microstructures  obtained  at  the  half¬ 
radius  and  full-radius  positions  along  the  Z  axis.  Friction  with  the  die  may  account  for  the 
observation  that  the  rotation  of  the  shear  plane  toward  alignment  with  the  axis  of  the 
pressed  sample  becomes  apparent  near  the  surface  for  in  route  A  material. 

Grain  maps  from  the  center  location  of  the  Y  face  for  samples  pressed  four  times 
by  each  route  of  interest  in  this  work  are  shown  in  Figure  4.10.  There  is  little  apparent 
difference  in  grain  size  and  shape  for  these  three  processing  conditions  and  all  of  these 
microstructures  exhibit  an  apparent  grain  size  of  about  1.2  pm.  This  value  is  consistent 
with  previous  work  [Ref.  17].  Furthermore,  OIM  grain  maps  and  BSE  micrographs  that 
were  produced  for  all  routes  demonstrated  that  the  homogenization  of  the  material  did  not 
appear  to  be  dependent  on  processing  route.  For  this  reason  further  discussion  of  material 
processed  by  four  pressing  passes  will  be  concerned  only  with  route  Be- 

Grain-to-grain  disorientation  angle  data  was  for  material  pressed  four  times  via 
route  Be  is  shown  in  Figure  4.11.  These  data  were  acquired  from  various  locations  on 
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either  the  X  or  the  Y  planes;  within  the  uncertainty  of  measurement  the  data  from  either 
plane  is  identical  and  this  supports  the  conclusion  that  the  microstructure  is  essentially 
homogeneous  after  four  pressing  passes.  However,  the  data  obtained  from  the  X  face 
shows  a  distinctly  larger  population  of  boundaries  disoriented  by  30°  -  40°  when 
compared  to  the  data  from  the  Y  face.  In  both  cases  the  population  of  low-angle 
boundaries  (e.g.  0°  -  5°)  has  been  reduced  when  comparison  is  made  to  the  data  for 
material  subjected  to  a  single  pass  (Figure  4.4).  Indeed,  this  comparison  suggests  that  the 
overall  effect  of  repetitive  ECAP  is  to  shift  the  distribution  of  boundary  disorientation 
angles  upward  in  angle  while  retaining  a  preference  for  boundaries  of  30°  -  40° 
disorientation  as  well  as  55°  -  60°  disorientation. 

Microtexture  data  are  shown  in  Figure  4.12  for  each  of  these  processing 
conditions.  Data  are  presented  for  regions  of  two  different  sizes,  20  pm  x  20  pm,  i.e.  the 
size  of  the  regions  scanned  to  produce  the  OIM  grain  maps,  and  from  larger,  100  pm  x 
100  pm  regions.  The  regions  of  larger  size  were  scanned  to  assess  meso-scale  features  in 
the  microstructure.  Overall  the  textures  of  these  repetitively  pressed  materials  have 
become  more  diffuse  than  those  of  material  after  one  ECAP  pass.  This  suggests  an 
increase  random  component  in  the  microstructure.  In  the  data  obtained  from  large,  100 
pm  x  100  pm  regions  for  materials  processed  by  either  route  A  or  Be,  there  is  a  strong 
tendency  for  a  <1 1 1>  to  align  with  the  direction  of  shear  in  the  last  pressing  operation.  In 
contrast,  there  appears  to  be  rotational  symmetry  about  a  <11 1>  that  lies  near  the  Y 
direction  in  the  shear  plane;  this  is  most  evident  in  Figure  4.12(f). 

All  scans  from  the  larger,  100  pm  x  100  pm  regions  show  clear  evidence  of 
multiple  orientations.  The  relative  intensities  associated  with  each  of  the  orientations  are 
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approximately  equal  for  material  processed  by  routes  Be  and  C,  as  seen  in  the  Figures 
4.12(d)  and  (f).  On  the  other  hand  there  is  one  dominant  and  multiple  lesser  orientations 
in  Route  A  in  the  data  of  Figure  4.12(b).  Lastly,  the  scans  from  the  smaller,  20  pm  x  20 
pm  regions  tend  to  be  somewhat  less  diffuse  in  nature  and  may  only  contain  one 
dominant  orientation  that  is  similar  to  that  present  in  material  after  one  pressing  pass. 
This  suggests  that  there  are  meso-scale  features  in  the  microstructures  of  these 
repetitively  pressed  materials  that  warrant  investigation  on  the  larger  scale.  This  is 
consistent  with  the  data  for  this  material  after  the  initial  pressing  pass.  In  some  cases 
multiple  orientations  were  observed  while  in  others  only  a  single  orientation  was  evident. 
Again,  this  indicates  that  there  are  likely  meso-scale  features  that  may  have  been  missed 
in  the  scans  on  material  subjected  to  one  ECAP  pass. 
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Figure  4.7.  Grain  maps  produced  by  OIM  analysis  of  ECAP  aluminum  pressed  four 
times  following  Route  Be-  The  relative  locations  of  these  20jim  x  20um  maps  on  the  Y 
and  X  planes  are  illustrated  by  the  inset  schematics  from  (a)  the  central  Y  Plane  and  (b)  X 
Plane.  Homogenization  is  also  evident  for  repetitive  pressings  by  Route  Be,  however, 
comparison  of  the  (a)  Y  plane  and  (b)  X  plane,  the  anisotropic  nature  of  the 
microstructure  is  revealed. 
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Figure  4.8.  BSE  Micrographs  of  pure  aluminum  after  four  ECAP  passes  via  Route  Be- 
These  micrographs  are  all  from  the  same  approximate  location  at  the  center  of  the  Y 
plane.  Comparison  with  Figure  4.7  (a)  illustrates  the  homogenization  of  the 
microstructure  with  additional  strain;  also  there  is  good  agreement  with  the  OIM  grain 
maps  regarding  grain  size,  orientation  and  homogenization. 
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Figure  4.9.  Grain  Maps  for  pure  aluminum  processed  by  ECAP  after  four  pressings  by 
Route  A.  The  relative  locations  of  these  20am  X  20jim  maps  on  the  Y  plane  are 
indicated  in  the  inset  schematic.  These  maps  illustrate  increased  homogeneity  of  the 
microstructure  as  reflected  in  both  grain  size  and  shape  throughout  the  sample. 
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Figure  4.10.  Representative  Grain  Maps  for  pure  aluminum  processed  by  ECAP  after 
four  passes.  In  (a),  Route  A;  (b),  Route  Be  and  (c),  Route  C  are  represented.  Note  that 
the  grain  size  is  more  uniform  than  in  material  pressed  only  once  and  that  grains  are 
elongated  in  the  direction  of  the  last  shearing  process.  There  is  very  little  difference  in 
grain  size  between  the  various  routes. 


Figure  4.11.  Rotation  angle  data  that  have  been  fitted  to  a  Seventh  Order  Polynomial 
using  a  least  squares  approach  for  ECAP  aluminum  that  has  been  pressed  four  times.  In 
(a)  the  X  plane  data  are  represented  and  in  (b),  the  Y  plane  data.  The  small  variation  in 
the  data  points  leads  to  the  conclusion  that  at  four  pressings  and  beyond,  the  material  has 
completely  homogenized  with  respect  to  rotation  angle  distribution. 
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Figure  4.12.  Representative  pole  figures  near  the  center  of  the  Y  plane  for  ECAP 
aluminum  after  four  pressing  operations  by:  (a)  and  (b)  Route  A,  (c)  and  (d)  Route  Bc,  (e) 
and  (f)  Route  C.  All  routes  lead  to  a  more  diffuse  orientation  distribution  irrespective  of 
the  size  of  the  area  scanned,  indicating  a  dependence  on  the  number  of  pressings.  The 
small  area  scans  (a)  and  (c)  indicate  only  one  dominant  orientation,  while  (b)  shows  two 
orientations  of  almost  equal  strength.  The  large  area  scans  (b),  (d)  and  (f)  all  show  two 
orientations,  but  to  a  lesser  degree  as  noted  in  (b). 
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C.  PURE  ALUMINUM  AFTER  TWELVE  ECAP  PASSES 

Repetitive  ECAP  is  intended  to  provide  a  refined,  homogeneous  microstructure 

that  includes  high-angle  grain  boundaries.  Microtexture  and  OIM  data  were  acquired  on 
pure  aluminum  that  had  been  subject  to  twelve  ECAP  passes  via  routes  A,  Be  and  C. 
These  data  were  obtained,  as  before,  on  the  X  and  Y  planes  of  as-pressed  samples  in 
order  to  assess  grain  refinement  and  nature  of  the  grain  boundaries. 

Grain  maps  for  material  processed  by  route  Be  are  presented  in  Figure  4.13. 
These  maps  from  the  Y  plane  show  that  the  grains  are  elongated  in  the  shearing  direction 
for  the  final  pressing  pass  although  comparison  with  Figure  4.7(a)  indicates  that  the  grain 
aspect  ratio  tends  is  less  than  that  for  material  processed  by  four  ECAP  passes  via  route 
Be-  Thus,  the  additional  pressing  passes  have  resulted  in  a  more  equiaxed  grain  structure 
but  mean  linear  intercept  measurements  suggest  that  the  grain  size  has  remained 
essentially  unchanged  at  about  1.2  pm  after  12  ECAP  passes.  There  is  no  apparent 
dependence  on  location  in  the  sample  and  so  repetitive  pressing  has  provided  a 
homogeneous  microstructure.  The  same  observations  can  be  made  in  respect  of  the  OIM 
grain  maps  obtained  from  the  X  plane  shown  in  Figure  4.14.  For  these  data  the  elongation 
of  the  grains  is  again  in  a  direction  that  is  parallel  to  the  trace  of  the  shear  plane,  which  is 
the  Y  direction  on  the  X  plane.  A  high  degree  of  microstructural  homogenization  is 
apparent  and  there  is  no  evidence  of  recrystallization  via  the  formation  of  new  grains  and 
long-range  migration  of  high  angle  boundaries.  Also,  there  do  not  appear  to  be  any 
effects  evident  in  the  microstructures  obtained  near  the  billet  surfaces  that  would  reflect 
die  friction  effects. 
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Figure  4.15  illustrates  the  effect  of  processing  route  and  compares  OIM  grain 
maps  for  materials  processed  by  routes  A,  Be  and  C.  In  all  cases  alignment  of  the  grains 
with  the  shear  direction  of  the  final  pressing  pass  is  evident.  However,  the  grain  size  is 
essentially  independent  of  pressing  route  and  the  same  degree  of  homogenization  was 
apparent  for  all  three  pressing  procedures. 

Grain  boundary  data  in  the  form  of  rotation  angle  histograms  are  provided  in 
Figure  4.16  that  is  for  material  processed  by  twelve  ECAP  passes  using  route  Be. 
Comparison  of  the  data  of  Figure  4.16  with  those  of  Figures  4.4  and  4. 1 1  shows  that  the 
population  of  low-angle  boundaries  generally  decreases  as  the  number  of  pressing  passes 
increases.  Nevertheless  20%  -  30%  of  the  boundaries  are  still  low-angle  in  nature 
(2°<0<15°)  after  12  pressing  passes,  which  reflects  a  prominent  population  of 
deformation-induced  boundaries.  In  common  with  previous  rotation  angle  data  for 
material  processed  by  either  one  or  four  ECAP  passes,  it  is  evident  that  there  is  a 
persistent  anisotropy  when  data  for  the  X  and  Y  planes  are  compared.  In  essentially  all  of 
the  X  plane  data  (Figures  4.4(a);  4.11(a);  and  4.16(a))  there  is  a  prominent  peak  at  -35° 
that  develops  in  the  initial  pressing  and  then  persists  through  12  passes.  As  noted  earlier, 
this  peak  is  not  evident  in  some  of  the  scans  for  material  that  has  experienced  only  one 
pressing  pass  due  to  the  inhomogeneous  nature  of  that  condition.  In  contrast,  a  similar 
peak  for  data  on  the  Y  plane  is  observed  at  -30°  for  the  material  after  one  pass  (Figure 
4.4(b)).  The  disorientation  angle  for  this  peak  increases  to  -35°  after  four  pressings 
(Figure  4.11(b))  and  increases  again  -38°  after  twelve  pressing  passes  (Figure  4.16(b)). 
Furthermore,  the  height  of  this  peak  is  consistently  lower  for  the  Y  plane  data.  Finally, 
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both  the  X  plane  and  Y  plane  data  indicate  a  high-angle  peak  at  55°  -  60°,  which  is 
prominent  in  all  of  the  data  for  materials  experiencing  four  or  more  pressing  passes. 

Microtexture  data  for  material  processed  through  12  ECAP  passes  are  shown  in 
Figure  4.17.  Data  for  all  three  processing  routes  are  included.  Comparison  with  Figure 
4.12  indicates  that  increasing  the  number  of  pressing  passes  from  four  to  12  results  in  still 
more  diffuse  orientations  distributions;  this  especially  evident  in  the  larger  area  scans. 
The  smaller  area  scans  may  show  a  dominant  single  orientation  while  the  larger  area 
scans  generally  show  multiple  orientations,  indicating  that  there  are  meso-scale  features 
in  these  microstructures.  Careful  examination  of  the  larger  area  scans  reveals  axes  of 
rotational  symmetry  in  all  of  these  data.  For  material  processes  by  route  A,  there  appears 
to  be  rotational  symmetry  about  the  shear  plane  normal;  this  is  most  evident  in  the  {220} 
pole  figure  in  Figure  4.17(b).  In  this  figure  there  is  a  prominent  band  of  orientations 
perpendicular  to  the  shear  plane  and  a  corresponding  band  parallel  to  the  shear  plane  in 
the  {111}  pole  figure.  Other  orientations  are  also  evident  in  these  data;  these  additional 
orientations  may  be  carried  over  from  prior  pressing  passes.  The  pole  figure  data  for 
material  processed  through  12  ECAP  passes  via  route  Be  (Figure  4.17(d))  also  exhibits 
rotational  symmetry  about  an  axis  normal  to  the  shear  plane  of  the  final  pressing  pass. 
However,  in  this  case  a  <110>  is  aligned  with  this  rotation  axis,  giving  rise  to  a  high 
concentration  of  orientations  at  a  position  normal  to  the  shear  plane  in  the  {220}  pole 
figure.  There  is  a  second  band  in  the  {220}  pole  figure  for  this  condition  that  suggests 
rotation  about  an  axis  inclined  at  45°  to  the  shear  plane  in  the  Z  direction.  The  rotation 
axis  may  be  <11 1>,  as  reflected  in  the  orientations  at  this  location  in  the  {111}  pole 
figure  for  this  condition.  Rotational  symmetry  about  a  <1 10>  is  also  evident  in  material 
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processed  by  route  C,  but  now  the  rotation  axis  is  nearly  aligned  with  the  X  axis,  i.e., 
with  the  axis  of  the  as-pressed  billet.  The  resulting  fiber  texture  is  incomplete  in  that  the 
bands  associated  with  the  rotation  axis  do  not  exhibit  a  continuous  distribution  of 
orientations. 


Figure  4.13.  Grain  maps  for  pure  aluminum  processed  by  EC AP.  The  material  has  been 
subjected  to  twelve  pressing  operations  via  Route  Be-  The  relative  locations  on  the  Y 
plane  of  these  20jim  x20|im  maps  are  indicated  by  the  inset  schematic.  These  grain  maps 
confirm  the  continued  homogenization  of  the  structure  with  slight  grain  elongation  in  the 
direction  of  shear  from  the  last  pressing  operation. 


50 


Figure  4.14.  Grain  maps  for  pure  aluminum  processed  by  ECAP.  The  material  has  been 
subjected  to  twelve  pressing  operations  via  Route  Be-  The  relative  locations  on  the  X 
plane  of  these  20pm  x20um  maps  are  indicated  by  the  inset  schematic.  The  grains  tend  to 
be  elongated  in  the  Y  direction,  which  is  parallel  to  the  trace  of  the  shear  plane  on  the  X 
face  of  the  material. 
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Figure  4.15.  Grain  maps  for  pure  aluminum  processed  by  ECAP.  The  material  has  been 
subjected  to  twelve  pressing  operations  via  various  routes.  In  (a),  Route  A;  (b)  Route  Bc 
and  (c)  Route  C  is  represented.  As  seen  in  Figure  4.10,  there  persists  a  tendency  for  grain 
elongation  in  the  direction  of  the  final  shearing  in  the  ECAP  process;  there  is  little 
difference  in  the  grain  size  for  the  various  routes.  The  grain  size  of  (b)  Route  Be  is  in 
keeping  with  previously  reported  sizes  and  elongation  characteristics. 
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Figure  4.16.  Representative  rotation  angle  data  of  Twelve  ECAP  Passes  on  the  (a)  X  and 
(b)  Y  Planes.  The  trends  in  the  histograms  indicate  a  consistent  peak  at  approximately 
35°  on  the  X  Plane  data  in  comparison  to  Figures  4.4  (a)  and  4.1 1(a).  When  compared  to 
Figures  4.4  (b)  and  4.11  (b),  the  (b)  Y  Plane  data  shows  a  peak  of  equal  or  lesser 
magnitude  that  tends  to  increase  in  rotation  angle  from  -32°  in  Figure  4.4  (b)  to  -35°  in 
Figure  4.11  (b)  and  finally  to  -39°  presented  here.  This  30-40°  peak  is  the  anisotropic 
evidence. 
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Figure  4.17.  Representative  pole  figures  from  the  center  of  the  Y  plane  in  ECAP 
aluminum  after  12  pressings.  Data  in  (a)  and  (b)  Route  A,  (c)  and  (d)  Route  Be,  (e)  and 
(f)  Route  C.  The  orientations  tend  to  become  even  more  diffuse  with  repeated  pressings. 
As  shown  in  previous  Figures  4.5,  4.6  and  4.12,  the  small  area  scans  (a),  (c)  and  (e)  have 
a  greater  tendency  to  only  contain  a  few  dominant  orientations,  while  the  larger  areas  (b), 
(d)  and  (f)  yield  results  of  the  meso-scale  texture  of  the  material.  Of  note  to  all  pressing 
operations,  a  [1 1 1]  tends  to  align  with  the  shear  direction  as  indicated  by  the  dashed  lines. 
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D.  UNIQUE  FEATURES,  DEFORMATION  BANDING 

The  pole  figure  data  presented  in  Figures  4.5, 4.6, 4.12  and  4.17  often  indicate  the 

presence  of  at  least  two  distinct  orientations.  This  is  especially  the  case  for  scans  that 
acquire  data  from  the  larger  100  pm  X  100  pm  regions.  Unlike  X-ray  diffraction 
methods,  which  acquire  data  from  a  large  volume  of  material  simultaneously, 
microtexture  analysis  in  OIM  includes  texture  determination  by  a  succession  of  grain- 
specific  orientation  measurements.  Because  the  position  of  the  orientation  measurements 
is  recorded  along  with  the  orientation  data  themselves  it  is  possible  in  OIM  to  code  the 
data  to  reveal  the  distribution  of  the  orientations  within  the  grain  maps.  This  may  be 
accomplished  by  color  coding  of  orientations  within  some  tolerance  of  a  selected 
orientation.  Figure  4.18  provides  an  example  of  this  analysis  of  material  processed 
through  four  ECAP  passes  via  route  Be-  The  corresponding  pole  figure  data  is  the  same 
as  that  of  Figure  4.12(d),  but  now  each  of  the  two  distinct  orientations  in  these  data  have 
been  separately  highlighted. 

Careful  examination  of  the  {200}  pole  figure  in  Figure  4.18(a)  suggests  that  the 
two  orientations  (one  is  gray,  the  other  black)  are  approximately  related  by  a  mirror 
operation  where  the  mirror  plane  is  the  shear  plane.  Alternatively,  these  orientations  may 
be  related  by  a  rotation  of  approximately  60°  about  a  <1 10>  that  is  aligned  with  the  Y 
axis  in  the  shear  plane.  Coding  the  grain  map  to  correspond  to  these  two  orientations 
(within  a  ±  10°  tolerance)  reveals  a  distinct  band  structure  as  shown  in  Figure  4.18(c). 
The  bands  are  regions  in  the  material  in  which  the  lattice  orientation  corresponds  to  one 
or  the  other  of  the  two  distinct  orientations  noted  in  the  pole  figure  data.  Furthermore, 
these  bands  are  aligned  with  the  shear  plane  and  the  lattice  orientation  within  each  band 
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alternates  between  the  two  symmetric  orientations  along  a  direction  normal  to  the  shear 
plane.  Especially  noteworthy  is  that  the  high-angle  boundaries  in  the  disorientation 
distribution  (Figure  4.18(b))  correspond  to  the  interfaces  between  these  bands.  The  region 
of  interest  in  Figure  4.18  was  scanned  using  a  1.0  pm  step  size  and  so  the  resolution  is 
insufficient  to  reveal  the  finer-scale  grain  structure  and  associated  boundaries.  For  this 
reason,  only  disorientations  >  20°  were  included  in  this  analysis. 

The  arrangement  of  the  band-like  features  in  Figure  4.18(c)  is  suggestive  of  the 
deformation-banding  model  of  microstructural  development  during  severe  rolling 
deformation  [Refs.  28-34].  Deformation  banding  represents  a  mechanism  of  grain 
subdivision  during  severe  deformation  in  which  the  lattice  on  opposite  sides  of  the  band 
interface  rotates  in  opposite  senses.  The  material  in  each  band  may  be  able  to  deform 
with  fewer  than  five  independent  slip  systems  and  this  reduces  the  extent  of  dislocation 
intersection  processes  and  results  in  less  work  expenditure  during  deformation.  However, 
sufficient  work  must  done  to  create  the  band/band  interfaces.  In  analysis  of  banding 
during  rolling,  Hirsch  and  Lucke  [Ref.  35]  have  concluded  that  an  alternating  sequence  of 
bands  is  necessary  because  each  band  may  not  deform  in  plane  strain  as  dictated  by  the 
rolling  reduction.  Simply  arranging  the  bands  in  an  alternating  sequence  may  allow 
accommodation  of  the  additional  shear  strains,  which  themselves  alternate  in  sense,  that 
arise  separately  in  each  band. 

An  alternative  representation  of  the  alternating  character  of  the  lattice  orientation 

is  illustrated  in  the  plots  of  Figure  4.18(d)  and  (e).  In  both  cases  the  plots  correspond  to 

the  linear  traverse  along  the  Z  axis  as  indicated  in  the  map  of  Figure  4.18(c).  In  4.18(d) 

the  disorientation  of  each  point  along  the  traverse  is  determined  relative  to  the  origin  of 
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the  traverse.  Here  it  is  clear  that  the  orientation  alternates  back  and  forth  between  two 


separate  orientations  in  the  texture.  It  must  be  kept  in  mind  that  disorientations  are  always 
taken  as  absolute  values  and  so  the  true  disorientation  corresponding  to  steps  from  one 
band  to  the  next  may  not  be  reflected  in  this  representation.  Alternatively,  the  point-to- 
point  disorientations  may  be  plotted  as  shown  in  Figure  4.18(e).  These  data  suggest  two 
different  sets  of  disorientation  values:  55°  -  60°,  and  30°  -  40°;  these  ranges  correspond  to 
the  two  peaks  noted  earlier  in  the  discussion  of  the  disorientation  data  for  this  condition 
(Figure  4.1 1).  Of  particular  note  is  that  the  width  of  the  alternating  bands  is  20  pm  -  25 
pm  while  the  bands  appear  to  extend  hundreds  of  microns  in  the  material,  indicating  the 
presence  of  meso-scale  features  that  would  be  difficult  to  detect  by  more  highly  resolving 
techniques  such  as  TEM. 

Scans  at  higher  resolution  over  areas  roughly  corresponding  to  the  width  of  these 
bands  are  shown  in  Figures  4.19  and  4.20.  These  were  both  acquired  from  the  same 
region  as  Figure  4.18  and  utilized  step  sizes  of  0.2  pm.  The  grain  maps  were  again  coded 
by  the  aforementioned  highlighting  technique  in  order  to  aid  in  microstructural  analysis. 

Figure  4.19  shows  a  region  near  a  band/band  interface  which  is  located  just  to  the 
left  of  center  in  the  map.  Again,  the  band/band  interfaces  correspond  to  the  high-angle 
boundaries  in  the  disorientation  distribution  shown  in  Figure  4.19(b).  Now,  with  the 
higher  resolution  in  these  data  the  low-angle  boundaries  in  the  disorientation  distribution 
can  also  be  identified  and  correlated  with  location  in  the  orientation  map.  The  low-angle 
boundaries  are  seen  to  be  located  in  the  interior  of  the  bands  and  this  indicates  the 
presence  of  a  sub-structure  within  the  bands.  Thus,  the  bands  consist  of  cells  or  subgrains 
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separated  by  low-angle  boundaries  and  the  presence  of  this  cell  or  subgrain  structure 
accounts  for  the  spread  of  orientations  evident  in  the  pole  figure  data.  Figure  4.20 
provides  a  separate  example  of  this  same  low  angle  sub-structure  that  resides  within  the 
bands.  However,  the  pole  figure  and  orientation  map  for  this  example  indicates  only  one 
dominant  orientation  in  the  region  examined.  Thus  a  complete  picture  of  the 
microstructure  of  this  material  cannot  be  obtained  from  regions  smaller  that  the 
dimension  of  these  bands. 

Deformation  banding  has  also  been  proposed  to  describe  the  development  of 
microstructure  in  an  Al-Cu-Zr  alloy,  Supral2004  [Ref.  36].  The  same  data  acquisition, 
clean  up  and  analysis  techniques  were  used  in  the  examination  of  microstructure  in  rolled 
Supral  2004  which  had  been  subjected  to  an  annealing  treatment.  A  simplified  schematic 
of  the  rolling  process  and  definition  of  the  plane  examined  by  OIM  is  shown  in  Figure 
4.21. 

The  data  for  Supral  2004  are  shown  in  Figure  4.22.  Again,  two  dominant 
orientations  are  apparent  in  the  texture.  The  texture  is  a  rolling  texture  with  a 
predominant  B  (or  Brass)  type  component;  this  component  consists  of  orientations  near 
{110} <2 1 1  >  where  this  notation  refers  to  (rolling  plane }<rolling  direction>.  There  are 
two  symmetric  variants  of  this  texture  and  these  are  the  dominant  orientations  highlighted 
in  Figure  4.22(a).  The  grain  map  documents  the  presence  of  bands  in  the  microstructure 
in  which  the  lattice  alternates  back  and  forth  between  orientations  corresponding  to  the 
symmetric  variants  of  the  B  texture  component.  This  analysis  was  again  conducted  with  a 
tolerance  of  ±  10°  in  orientation.  As  also  noted  in  the  ECAP  data,  the  high-angle 

boundaries  in  the  disorientation  distribution  correspond  to  interfaces  between  the  bands. 
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In  fact,  it  is  straightforward  to  show  that  the  symmetric  variants  of  the  exact  B  texture 
component  are  related  by  a  60°  rotation  about  a  <1 1 1>  that  is  aligned  with  the  TD.  It 
should  be  noted  here  that  there  is  a  significant  difference  in  the  width  of  the  bands  in 
comparison  to  those  observed  in  the  ECAP  material.  In  this  20|im  x  20pm  examined 
area,  the  width  of  the  bands  is  about  2  pm  -  4  pm.  Additionally,  the  bands  tend  to  be  less 
continuous  over  a  long  distance  in  the  RD.  However,  the  low-angle  boundaries  are  again 
associated  with  a  cell  or  subgrain  structure  within  the  bands  and  this  is  consistent  with  the 
results  for  the  pure  aluminum  after  ECAP  processing.  Figure  4.23  shows  point-to-origin 
and  point-to-point  disorientations  for  a  linear  traverse  oriented  along  ND  in  the 
microstructure.  Again,  the  bands  are  shown  to  alternate  between  two  equivalent 
orientations  and  the  band  interfaces  are  the  high-angle  boundaries  of  50°  -  60° 
disorientation. 

The  above  observations  lead  to  the  conclusion  that  deformation  banding  has  now 
been  observed  in  a  pure  metal  and  in  an  aluminum  alloy,  and  associated  with  two 
different  processing  methods.  This  suggests  that  it  is  a  general  phenomenon  related  to 
large  strain  plastic  deformation.  The  size  (thickness)  and  contiguity  of  the  bands  may  be 
significantly  affected  by  processing  technique,  type  and  quantity  of  alloying  elements  and 
the  size  of  any  second  phase  particles. 
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Figure  4.18.  OIM  Analysis  of  ECAP  aluminum  after  four  pressings  by  Route  Be-  Data 
are  from  the  center  of  the  Y  plane  in  a  lOOum  X  100pm  region  showing  the  (a)  low  index 
pole  figures,  (b)  rotation  angle  histogram  {rotation  >  20°},  (c)  color  coded  orientation 
map  with  high  angle  {8>40°}  boundaries  highlighted,  (d)  point  to  point  disorientations 
and  (e)  point  to  origin  misorientations  from  a  linear  traverse  indicated  in  (c).  The  point  to 
origin  plot  demonstrates  the  evidence  of  bands  of  alternating  lattice  orientation. 
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Figure  4.19.  OIM  Analysis  of  a  20pm  X  20pm  area  at  the  center  of  the  Y  plane  from 
aluminum  after  four  ECAP  pressings  by  Route  Be-  Data  are  showing  (a)  Pole  Figures, 
(b)  Rotation  angle  Histogram  and  color  coded  orientation  maps  with  highlighted  (c)  high 
angle  {0>4O°}  and  (d)  low  angle  {2°<6<15°}  boundaries.  The  large  bands  are  separated 
by  the  high  angle  boundaries  and  the  substructure  within  each  band  is  separated  by  low 
angle  boundaries.  Both  the  large  bands  and  substructure  tend  to  align  and  elongate  in  the 
direction  of  the  last  shearing. 
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Figure  4.20.  OIM  analysis  of  a  region  near  that  for  the  data  of  Figure  4.19.  Here,  this 
?0nm  X  20.um  region  is  located  almost  entirely  within  one  band  and  hence  shows  only 
one  major  orientation  in  the  (a)  pole  figure  although  a  second,  minor  orientation  is  still 
evident.  In  (b),  the  rotation  angle  histogram  is  correlated  with  the  grain  boundaries. 
Grains  separated  by  (c)  high  angle  boundaries  and  the  (d)  substructure  within  the  band 
separated  by  low  angle  boundaries. 
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(a) 


Figure  4.21.  Schematic  of  a  rolled  sheet  for  Supral2004.  The  axes  are  indicated  as 
Rolling  Direction  (RD),  Normal  Direction  (ND)  and  Transverse  Direction  (TD).  In  (b),  a 
schematic  shows  the  sample  after  sectioning,  the  shaded  surface  indicating  the  plane 
examined. 
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Figure  4.22.  OIM  Analysis  of  Supral2004  that  has  been  rolled  and  annealed.  Data  are 
for  the  Transverse  Plane,  showing  the  (a)  pole  figures,  (b)  rotation  angle  histogram  and 
color  coded  orientation  maps  with  highlighted  (c)  high  angle  {0>5O0}  and  (d)  low  angle 
{2°<9<15°}  boundaries.  When  compared  to  Figures  4.19  and  4.20,  a  similar  structure, 
consisting  of  high  angle  boundaries  separating  the  predominant  orientations  and  a 
substructure  within  each  band  separated  by  low  angle  boundaries,  becomes  apparent.  A 
distinct  difference  between  this  figure  and  Figures  4.19  and  4.20  are  the  relative  sizes  of 
the  bands,  2-4pm  in  width  for  Supral2004  and  15-25 pm  for  ECAP  aluminum. 
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Figure  4.23.  Color  coded  (a)  orientation  map  from  the  transverse  plane  of  rolled  and 
annealed  Supral2004  indicating  the  position  of  a  linear  traverse  for  obtaining  the  (b) 
Point  to  Origin  and  (c)  Point  to  Point  Misorientation  distributions.  When  compared  to 
Figure  4.18,  a  similar  alternating  band  structure  is  apparent.  The  band  interfaces  have  the 
same  misorientations,  as  seen  in  (b),  and  the  band  boundaries  have  characteristic  50-60° 
Point  to  Point  disorientations,  as  seen  in  (c). 
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V.  SUMMARY  AND  CONCLUSIONS 


A.  SUMMARY  AND  CONCLUSIONS 

The  following  general  conclusions  can  be  drawn  from  the  study  of  ECAP  of 

99.99%  pure  aluminum. 

(1)  After  one  ECAP  pass,  the  microstructure  is  both  inhomogeneous  and 
anisotropic. 

(2)  After  repetitive  ECAP,  the  grain  size  becomes  homogeneous  but  anisotropic 
character  in  the  microstructure  is  still  evident. 

(3)  There  is  a  general  decrease  in  the  fraction  of  low  angle  (0<15°)  as  the  number 
of  pressing  operations  increase  and  there  is  a  corresponding  increase  in  the 
fraction  of  high  angle  (0>15°)  grain  boundaries. 

(4)  Even  after  12  ECAP  passes  the  microstructure  includes  a  significant  fraction 
of  deformation-induced  boundaries. 

(5)  Deformation  banding  was  observed  in  both  ECAP  material  and  Supral  2004; 
this  phenomenon  may  contribute  significantly  to  the  evolution  of  the 
microstructure  and  may  account  for  the  many  of  the  high-angle  boundaries 
produced  by  deformation  processing. 


B.  RECOMMENDATIONS  FOR  FUTHER  STUDY 

The  principal  recommendation  is  that  further  study  of  deformation  banding  and  its 

role  in  microstructural  evolution  be  carried  out.  Investigations  should  include  the  origin 
and  nature  of  both  the  high-  and  low-angle  grain  boundaries;  consideration  in  the  study  of 
other  elements  and  alloy  systems;  and  the  incorporation  of  other  plastic  deformation 
techniques.  Deformation  banding  still  remains  to  be  explained  in  detail  and  a  model 
based  on  first  principle  considerations  is  required.  Research  in  this  area  may  also  aid  in 
creation  of  a  predictive  model  for  grain  refinement  by  severe  plastic  deformation. 
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